 Modified biochar preparatory processes have been summarized together with improvement of surface functionalities.
water and gas purification [5] , and as charcoal in home cooking. Other potential benefits including nitrate leaching [6] [7] [8] [9] [10] [11] , adsorption of inorganic and organic contaminants [1, [12] [13] [14] and reduction of trace-gas emissions from soil and atmosphere [6, 8, 10] . BC has been found to reduce carbon and methane emissions and provide an efficacious solution to remove heavy metals from storm runoff. The knack of BCs to hoard carbon and other uses will not only depend on its physical and chemical properties, as it can be changed by the preparatory processes or through the choice of feedstocks, but will also depend on the technical and economic barriers of handling BCs [15, 16] .
Different types of biomass feedstocks have been used for the production of BCs ranging from agricultural waste to timber based hard materials [17] [18] [19] [20] [21] [22] . In order to produce BCs, these feedstocks are mainly converted using different thermal methods including slow and fast pyrolysis, gasification, hydrothermal treatment, carbonization and torrefaction [23] [24] [25] . Pyrolysis process can be either slow (< 10 °Cs -1 ) or fast (> 10 °Cs -1 ) [26] . Thermal treatment can be performed with different final temperatures and with different heating rates which are responsible for the quality and prices of the BCs [16, 27] . In particular, the yield of BCs decreases with increasing the yield of gases as the temperature of the pyrolysis process is raised to high temperatures. Thus the pyrolysis temperature affects both the quantity and quality of BCs produced from a given quantity of feedstocks. The quality of BCs (e.g. surface area, pore volume) is low when pyrolysis temperatures is lower than 350 ºC, and is generally increased up to some point (depending on end use) as temperature is increased [28] .
To date, there is a major gap in the literature on the analysis of overall BC production and regeneration cost. Only a few articles [29, 30] discussed BC production cost in a specified range. As BC is a powerful biosorbent with a wide range of applications, its overall cost should be fully analyzed. In this review, a conceptual model for cost analysis of a BC pilot plant was developed by reviewing and analyzing the published studies related to the potential cost effectiveness of BCs. The focus is also being given on (i) physico-chemical properties of BCs, (ii) different BC production technologies leading to suitable products, and (iii) analysis of overall cost equations for a pilot plant BC production and regeneration. It is expected that this review will help to consider cost analysis for a whole plant and to promote BC application at commercial scale.
Physico-chemical properties of BCs
The quality characteristics of BCs will change along several dimensions according to final pyrolysis temperature as well as the heating rate and residence time, and the type of raw materials. For example, the yield, surface area, pore volume, ash, elemental composition, viscosity, calorific value, and water content of BCs vary with pyrolysis temperature. In this section, the discussion is limited on the yield, surface area, pore volume, ash, and elemental composition of different BCs at different pyrolysis temperatures.
BC production technologies
A range of feedstocks (animal feedings, agricultural materials, woody materials, solid wastes, food wastes, animal litters) have been mainly utilized to produce BCs. BCs can be produced by pyrolysis [31] [32] [33] [34] [35] [36] [37] via slow pyrolysis [19, 21, 38] or fast pyrolysis [39] [40] [41] , gasification [42, 43] , torrefaction [23] , carbonization [44] , flash carbonization [15, 45] , and hydrothermal carbonization (HTC) [25] . BCs produced by HTC method are sometimes called hydrochar.
BC production technologies have already been described in detail [1, [46] [47] [48] [49] , and are summarized in Table 1 .
To produce BCs, the most widely used process is slow pyrolysis due to relatively high yields, and the fixed and operation cost of biomass pretreatment is 50% low than that of fast pyrolysis [50] . This is also called conventional carbonization and has been used for thousands of years to produce charcoal. The knowledge about charcoal production and its properties has been accumulated over 38000 years [51] . Slow and intermediate pyrolysis processes are generally favored for BC production [50, [52] [53] [54] . On the other hand, HTC process is attracting more attention due to its inherent advantage of using wet biomass [55, 56] and irregular surface with more oxygen-containing groups and higher cation exchange capacity (CEC) [57, 58] . Thus slow pyrolysis and HTC are two of the most efficient BC conversation technologies which can be used for a wide range of feedstocks [1] . A majority of BCs produced by HTC are more acidic than by pyrolysis [55, 59] . One of the most important properties of HTC-BC is that it is easily biodegradable (dominated by alkyl moieties), whereas BC from slow pyrolysis is more stable (dominated by aromatics) in case of soil amendment as hydrochar has more nutrient retention capacity [56, 60] . Since HTC requires water, this may be a cost effective BC production method for feedstocks with high moisture content [61] . However, hydro-chars are not included in the "European Biochar Certificate"
(EBC) standardization due to their different chemical properties including low total organic compound, high ash, low surface area, low porosity and high nutrient content [60, 62] .
On the other hand, little data is available for carbonization, flash carbonization, torrefaction, fast pyrolysis and gasification as these technologies are commonly favored for bio-oil, solid fuel or synthetic gas yields. BC yields from fast pyrolysis and gasification processes are significantly lower compared to those of slow pyrolysis, flash carbonization, carbonization, hydrothermal and torrefaction, due to more gases being produced hence favoring the bio-oil or syn-gas production. Thus further use of BCs produced by other thermochemical technologies cannot be underestimated [1] .
In general, the yield of BC on a dry ash free (daf) basis can be calculated using equation 1 in order to remove the effect of moisture and ash [63] :
where Y BC,ad represents BC yield on air-dried basis, while M and A (wt.%) are the moisture and ash contents of feedstock, respectively.
Elemental composition of BCs
BCs and bio-oil are joint products of a pyrolysis process, the latter not discussed here. Data on BCs physico-chemical properties, obtained from different feedstocks, were collected from published studies on pyrolysis (Supplementary Table S1 ), and these feedstocks can be classified as follows:
 Animal feedings including feed lot, timothy grass, buffalo weed, broiler litter, rice straw, Miscanthus sacchariflours, grass feedstocks and switch grass.
 Crop residues including giant reed, cottonseed hull, safflower seed, wheat residues, coconut coir, corn cobs and cotton stalk.
 Agricultural materials such as fescue straw, wheat straw, rapeseed plant and soybean Stover.
 Food wastes including orange peel and tea waste.
 Woody materials including pine wood, pine needles, pine shaving, oak wood, peanut shell, poplar wood, pitch pine, eucalyptus wood, hard wood, hickory wood, wood saw dust, bamboo and pepper wood.
 Animal litters including turkey litter, poultry litters, dairy, paved-feedlot, swine manure, cattle manure and dairy manure.
 Solid wastes including swine solid, sewage sludge, sludge, green waste, sugar beet tailing, sugarcane bagasse, forest residues, tire rubber, saw dust and algae.
As shown in Figure 1 Table S2 ).
In addition, the H/C ratio has been used as a degree of carbonization due to hydrogen being primarily associated with the organic matter in biomass. This ratio also indicates that there are more alkyl groups present in BCs if this ratio becomes higher [1] . A higher O/C ratio in BCs may be an indication of more oxygenated functional groups such as hydroxyl, carboxylate and carbonyl that can contribute to high CEC value of BCs [64, 65] , representing more negative surface charge of the BCs [66] . Table S2 ).
Surface area, pore volume, yield and ash content of BCs
The surface area increases with the increases in the BC production temperature, due to the escape of volatile substances including cellulose, hemicelluloses, and lignin from biomass and thus format channel structures during pyrolysis [52, 53, 67] . These channel structures facilitate to improve the specific surface area and pore structure of BCs [68] . A decrease in pore size format internal pore structure and increase in porosity as a result of volatile release during carbonization can be observed in BCs [52] . Table S2 ). The significance (1-tailed) value of surface area (0.374) indicates that increase in surface area as the pyrolysis temperature goes up, while the yield of BCs decreases with the increases in pyrolysis temperature [27] . The relationship between pyrolysis temperature and yield can be represented as follows:
Yield = -0.062x + 71.83; r 2 = 0.343; P < 0.0001 (
The r 2 value is not very high but the P value is significantly lower than 0.001, suggesting statistically significant relationship between the yield and pyrolysis temperature. The correlation coefficient and significance (1-tailed) values of BC yield and surface area also confirm such a relationship (Supplementary Table S2 ). Thus, increase in pyrolysis temperate caused a decrease in yield and increase in surface area.
Ash content tended to be increased as pyrolysis temperature was increased (Supplementary Table S2 show that three components such as yield (5.25), pyrolysis temperature (2.05), and surface area (1.13) could explain 84.3% of the total cumulative variances. Individually, the yield explains 52.5% of total variances, while pyrolysis temperature accounts for 20.5% of total variances.
Statistical analysis of BCs properties
Statistical regression methods were used to analyze relationships among BCs properties, obtained from different feedstock's, by using SPSS. Table 3 
This equation can potentially provide a good fit for any parameter as listed in supplementary Table S1 under common operating conditions. The r 2 value 0.811 with an adjusted r 2 value 0.795 for BCs properties indicates a statistically significant relationship in the measurement.
Other parameters such as pore volume, volatile matter, residence time, and pH were not included in regression analysis as those data are not available from literature, thus the accuracy of analysis may be reduced. For example, only 64 data were found on pore volume among the analysis of 202 datasets. Table 3shows that H/C ratio (0.000), ash (0.021) and N content (0.000) have a higher significance value at a significance level P < 0.05.
Suitable feedstocks for BC preparation
Supplementary Tables S1 and S4 show the descriptive statistics (mean, SD, max., min., mode, and median) of biomass feedstocks and types of feedstocks, respectively, for the production of BCs. Figure 3 shows that mean pyrolysis temperature for BC production is 486 ºC with a yield of 41.3%. The mean surface area and carbon content were found to be 88. surface area is more effective than BC produced at below 400 °C in adsorbing contaminants such as heavy metals and organic pollutants from water [47, 48] . Again, BCs derived from food wastes and woody materials have almost the same high mean H/C and O/C molar ratios which indicate that these kinds of materials contain higher alkyl as well as oxygenated groups in the core structures. Lower mean O/C and H/C molar ratio of crop residues derived BC indicates that lower functional group in the BC core structures. One of the main disadvantages of solid waste is that it has abnormally higher mean ash content (47%) and higher mean nitrogen content (2.4%). It is perhaps more clearly shown in Figure 3 that woody materials are most suitable for the production of BCs. 
Cost analysis of BC production
The cost of BC production is a key component in the marketing and application of BCs. In cases where BC is the main product, the cost needs to cover operating expenses including production cost, maintenance cost, feedstock cost, transport cost, labour cost, distribution cost and others to ensure long-term business viability. In other cases, BC may be an ancillary byproduct from processes designed to create efficiencies in established agricultural or land management operations as well as heating systems. Whether BC is a main or by-product in any given operation, its value will be determined by the price customers are prepared to pay.
It is economically equivalent to assume that the quality does not vary in terms of economic value over the feasible temperature range, or at least, that market prices would not vary according to quality [27] .
There is currently no major industrial BC market from which to obtain BC price and cost data for a comprehensive estimation [29] . The unit cost C BC ($ ton -1 ) for producing and applying BCs in North Western Europe was calculated as follows:
where C c is the annualised capital expenditure of pyrolysis facility ($ y -1 ), C o is the total annual operating expenses of pyrolysis facility ($ y -1 ), C f is the total annual cost of feedstock harvesting ($ y W is the annual BC production (ton y -1 ), and C A is the unit cost of BC application ($ ton -1 ).
Similarly BC production cost from forest chips can be represented as follow [69] :
C BC = C Stump + C FC prod + C FC trans + C CC prod (9) where C BC is the unit cost of BCs, C Stump is stumpage price, C FC prod is the production cost of forest chips (cutting, forwarding, chipping and overheads), C FC trans is forest chip road 13 transportation cost and C CC prod is BC production stage cost. [30] . Therefore the market price of BCs is highly variable depending on the origin of BC production sites.
Feedstock purchase cost
Purchased biomass cost C PB ($ y -1 ) can be determined as a function of the annual biomass flow rate M A (ton y -1 ), and the specific purchased cost of biomass C B ($ ton -1 ) for producing BC in a plant which can be represented as follows:
where M A (ton y -1 ) is evaluated according to literature data [70] . Cost may vary depending on the types of feed-stocks. Table 4 listed some of the feedstock and production cost of BCs.
Transport cost (C TB )
In many cases, transport cost of biomass can become substantial when the transportation distance becomes long from BC production plant [70] . Thus it is necessary to consider transport cost C TB ($ y -1 ) which can be represented as follows:
C TB = C V + C TP (11) where C V is the vehicles cost ($ y -1 ) to bring feedstocks to BC plant and C TP is the transportation personnel cost ($ y 
where d T can be calculated as the total number of travels required to transport the total amount of biomass by resorting to vehicles having a capacity V C (ton vehicle -1 ), times the average round trip transportation distance. This can be calculated by assuming that the biomass is concentrated at 2/3 of the radius of the catchment circular area necessary to produce the amount M A of biomass feeding the plant, starting from a uniform biomass distribution density D B (ton km -2 y -1 ). Therefore, d T can be estimated:
where the ratio M A /V C represents the number of required travels.
As far as transportation personnel cost C TP ($ y -1 ) is concerned a transport operation employed personnel fee (C PF ) can be assumed and a number of operators employed in transport operations (n T ) proportional to the number of required travels can be considered;
thus the adopted equation for T P evaluation can be presented as:
In addition, loading and unloading of the truck is incorporated into equation 15 [69] :
C Trans = 2.858 + 0.066x (15) where C Trans is road transportation cost in $ m -3 and x is road transportation distance in km.
Production cost
Production cost is related to mainly equipment cost which is necessary for developing a BC plant. Total purchase of equipment cost (C PE ) can be calculated by considering the sum of the cost including pieces of equipment [70] . Purchased equipment cost for BC plant can be evaluated on the basis of correlations resulting from interpolation of experimental and literature data [73] [74] [75] . Equation 15 can be used for estimating C PE for BC production:
where a and b are the specific coefficients, while S is the characteristic equipment parameter.
C PE is the function of the plant net electric power consumption and output, the biomass flow rate feeding to the reactor or combustor and others. The equipment purchase cost may vary according to the country of purchase, and the size and type of plant.
It was reported that a charcoal production stage (carbonization) cost 113 $ ton -1 charcoal [44] . Production stage cost for three different sized BC production plants were studied [76] . Production stage cost including capital, storage, utility, labor and other plant cost ranged from 65 to 235 £ ton -1 (98 to 353 US$ ton -1 ) charcoal [69] .
On a dry weight basis, if the yield of BC is assumed at 30% at any pyrolysis temperature then producing one tonne of charcoal from wood-based biomass requires almost 6.7 tonnes of raw material (wet weight basis, 50% moisture). It can be assumed that the volume would be around 7.8 m 3 woods. It was found that the total forest chip cost was 24 €m ) charcoal. Charcoal production cost in many developed countries ranged roughly from 80 to 290 € ton -1 ($120 to 436 ton -1 ) charcoal [44, 76] . Production costs and feedstock costs are shown in Table 4 . and 18 for such percentages can be found from literature data [70, 73, 74] by assuming that 1.5% of C TCI and 1% of C TCI , respectively for C MAN and C I&G .
Maintenance and other cost

Labor cost
Operating labor cost C L ($ y -1 ) can be estimated as a function of the employed personnel average fee (C PF ) and the number of total annual working personnel (n) involved [70, 73] .
This cost is also assumed to be variable with the plant size and depends on the country average labor cost as determined by country labor policy. Therefore, C L can be estimated:
Storage cost
Biomass can be stored after collecting in several ways including on-plant open air, on-plant covered, or storage in a centralized covered facility. The storage cost (C S ) is likely to depend on the volume of biomass and the length of time (t) that it has to be stored, the price of biomass, the quality of biomass required, and the weather conditions in the region.
where C R is the rent or unit price of the storage area.
Regeneration process cost analysis
To make the adsorption process more economical, it is necessary to regenerate the adsorbent.
A convenient and economical regeneration method can significantly reduce the cost of transportation and also the amount of wasted contaminant loaded adsorbent [78] . The adsorption-regeneration cycle can be repeated a few times which demonstrates that the adsorption capacity may drop slightly during regeneration cycle. The adsorption capacity always decline by the number of cycles. The sorption capacity and the removal efficiency can be calculated below [79] [80] [81] :
Removal efficeicy % 100 (21)
Adsorption capacity, q V
where q t (µg g -1 ) is the amount of adsorbate onto the adsorbent at time t, C 0 and C t are the concentration of the adsorbate (µg L -1 ) at time 0 and any time t; V(L), and m (g) are the volume of the solution and the mass of adsorbent, respectively.
Some of the regeneration techniques include thermal regeneration [79] , chemical and solvent regeneration [78, 82] , microwave [82] , microbiological, electrochemical, ultrasonic, and wet air oxidation regeneration method. Three thermal methods are available for the regeneration of carbonaceous materials namely (i) pyrolysis, (ii) pyrolysis-gasification and (iii) gasification [83] . If the solvent regeneration method is to be used then solvent consumption should be much less than that by water [84] . The widely used solvents for BC regeneration are solutions of HCl, NaOH, EDTA and NaCl [78, 83] . In the cases of microbiological, chemical and solvent regeneration techniques cost can be calculated by equation 23:
where C ($) is the regeneration cost, m R1 , m R2 , m R3 ……m Rn are the amount of solvent/ chemicals (ml) which are required for the 1 st , 2 nd , 3 rd …n th cycles of the regeneration steps. P S1 , P S2 , P S3 …… P Sn are the price of solvent ($ L -1 ) and n is the fraction of price that varies with the parameters. As shown in Supplementary Figure S1 , the removal efficiency of BCs decreased with each stage of regeneration, but still maintaining sufficient capacity [78, 79, 81] . Other regeneration cost may include electrical and operation cost. The reduced column capacity could be a result of decreased available adsorption sites (i.e., blocking) and repulsion by the irreversibly sorbed contaminants from previous cycles.
Overall cost analysis of a BC pilot plant
The overall cost for BC production should include a variety of relevant cost components. The economic evaluation for plant configurations can be carried out on the basis of total capital investment (C TCI ), total operating cost (C TOC ) and from electricity consumption and output cost. More clearly, TCI cost can be calculated as sum of all direct and indirect plant cost involved in producing BC. Such a direct cost may include capital investment cost, equipment cost (P E ), electrical cost, civil work cost, direct installation cost, auxiliary equipment and services cost, instrumentations cost and site preparation cost etc., while indirect cost (IC) cost of a plant may include engineering and start-up cost [70] .
Piping cost (B), electrical cost (C) and civil works cost (D) cannot be estimated directly as it depends on many factor such as country policy, up to date equipment cost, engineering cost and others [70, 73, 74] . Finally direct installation (E = xA), auxiliary services (F = yA), instrumentations and controls (G = zA), site preparation (H = mA), engineering (K = nA) and start-up (W = oA) cost can be calculated as a percentage of total P E (A) and TCI cost.
A generic overall cost for BC plant can be represented as: 
Thus the sum of equations 27 and 28 is equal to the total cost of a pilot plant BC production unit (C T = C TCI + C TOC ). Other cost may include such as depreciation cost, feedstock processing (cutting, forwarding, chipping and overheads) and drying cost, annual increment cost of all these factors. In order to estimate the final cost of a BC plant, the revenue that will come from the main or by-product such as bio-oil needs to be excluded. In that case, the production cost of BC will reduce significantly. Thus overall cost equation of BC production can be written as follows:
Future perspectives of BCs
Emerging sorbents such as BCs face numerous challenges ranging from economical and environmentally-friendly production, to a lack of quantitative understanding of their impact on soil fertility, soil biota, water quality and the environment. Undoubtedly, BCs as a relatively new sorbent can have wide applications, for example, activated BCs could replace traditional activated carbon with equivalent or even greater sorption efficiency for various contaminants due to their cost-effective production from different biomass sources [85] . BCs have been successfully used in applications such as soil amendment, fuel cells, organic and inorganic contaminants removal, developing anodizing materials, and as catalyst for reforming and conditioning of syngas, upgrading bio-oil or biodiesel to potential fuels [48] .
Depending on the end use, BCs should be modified to improve certain functions. Thus some of the future perspectives of BCs to be used as sorbents may include:
o Study on the optimisation of price factor for maximum yield of BCs at an optimum pyrolysis temperature;
o Conduct commercial scale cost analysis of BC production plant;
o Modification of BC surfaces utilizing different modifying agents to achieve selectivity and optimum performance; 
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